Feo is the major ferrous iron transport system in prokaryotes. Despite having been discovered over 25 years ago and found to be widely distributed among bacteria, Feo is poorly understood, as its structure and mechanism of iron transport have not been determined. The feo operon in Vibrio cholerae is made up of three genes, encoding the FeoA, FeoB, and FeoC proteins, which are all required for Feo system function. FeoA and FeoC are both small cytoplasmic proteins, and their function remains unclear. FeoB, which is thought to function as a ferrous iron permease, is a large integral membrane protein made up of an N-terminal GTPase domain and a C-terminal membrane-spanning region. To date, structural studies of FeoB have been carried out using a truncated form of the protein encompassing only the N-terminal GTPase region. In this report, we show that full-length FeoB forms higher-order complexes when cross-linked in vivo in V. cholerae. Our analysis of these complexes revealed that FeoB can simultaneously associate with both FeoA and FeoC to form a large complex, an observation that has not been reported previously. We demonstrate that interactions between FeoB and FeoA, but not between FeoB and FeoC, are required for complex formation. Additionally, we identify amino acid residues in the GTPase region of FeoB that are required for function of the Feo system and for complex formation. These observations suggest that this large Feo complex may be the active form of Feo that is used for ferrous iron transport.
I
ron is an indispensable component of enzymes involved in a wide range of biological processes and, as a result, is essential for life in almost all organisms (1) . Notwithstanding the fact that iron is abundant in nature, aerobic, neutral-pH environments favor the formation of Fe(OH) 3 , a highly insoluble ferric iron (Fe 3ϩ ) complex. In contrast, in anoxic environments, free ferrous iron (Fe 2ϩ ) is more readily available (2) . In order to meet their iron requirement, bacteria have multiple iron transport systems that allow use of the various forms of iron present in their environment, and Vibrio cholerae is no exception (3) .
V. cholerae is a human pathogen that causes cholera, a severe diarrheal disease resulting from the ingestion of contaminated food or water (4) . V. cholerae must acquire iron from different environments, such as the gut of its human host or the fresh, brackish, and ocean waters that make up its natural habitat. This need to acquire the various forms of iron is reflected in the observation that approximately 1% of its genome is devoted to the acquisition of iron (3) . In V. cholerae, ferric iron is commonly acquired through its endogenous siderophore vibriobactin or through siderophores synthesized by other organisms (5) (6) (7) (8) . Vibriobactin is synthesized by the Vib system and is transported through the outer and inner membrane by the Viu and Vct systems (9) (10) (11) (12) (13) (14) . The Vct system is also capable of siderophore-free iron transport through an unknown mechanism (14) . Ferric iron can also be transported independently of the siderophores by Fbp, an ATP-binding cassette (ABC) transporter (15) . Further, V. cholerae can take up heme as a source of iron through the Hut and Has systems (16) (17) (18) (19) . Ferrous iron can be transported through the inner membrane by Feo, a major system for bacterial ferrous iron uptake (15) .
The bacterial ferrous iron transport (Feo) system was discovered over 25 years ago in Escherichia coli K-12 (20, 21) and contributes to virulence in several organisms (22) (23) (24) . The feo loci of E. coli and V. cholerae are made up of three genes, encoding the FeoA, FeoB, and FeoC proteins ( Fig. 1A ) (21, (25) (26) (27) . FeoA is a small hydrophilic protein whose role is unknown, but it has been shown to be required for Feo function in several bacterial species (27) (28) (29) . FeoA shows structural similarity to an Src-homology-3 (SH3) domain fold, suggesting that FeoA may mediate proteinprotein interactions (26, (30) (31) (32) . FeoA was shown to interact with FeoB in a bacterial two-hybrid (BACTH) assay in Salmonella enterica (29) . FeoB is a large protein with an N-terminal, cytoplasmic GTPase domain that is thought to regulate transport (33, 34 ) and a C-terminal region embedded in the cytoplasmic membrane. The integral membrane domain is predicted to contain 8 to 12 membrane-spanning helices, and it is likely to form the ferrous permease. There is sequence homology between the Feo GTPase domain and eukaryotic G proteins, including the human oncogene p21-Ras, and the highly conserved signature G1, G2, G3, and G4 motifs have been identified in FeoB (Fig. 1B and C) . The G5 motif is the least conserved motif and has been identified in FeoB through structural analysis but not through sequence alignments (33, 35) . These G motifs are necessary for binding and hydrolysis of the guanine nucleotide (36) (37) (38) . Another hallmark of GTPases found in FeoB is the presence of switch I and switch II regions that undergo large conformational changes or "switches" upon GTP association and hydrolysis (34, 39) . It is believed that the GTPase domain is required for proper regulation of Feo activity, rather than providing the energy source for transport (33, 34) . The energy source for transport of iron via Feo has not been determined.
FeoC is a small protein and the least conserved part of the Feo system. It appears that the feo operon lacks a feoC gene in many organisms, and the role of this protein is not understood. Structural studies of Klebsiella pneumoniae FeoC have revealed that it contains a winged-helix fold, a motif that is sometimes involved in DNA binding (26, 40) . However, experimental evidence does not support the idea of a role for FeoC in DNA binding or transcription regulation (27, 41) . Rather, FeoC appears to bind the N-terminal cytoplasmic domain of FeoB (N-FeoB), as shown both in BACTH assays (27, 41) and in a structural study in which N-FeoB and FeoC were crystalized in a 1:1 ratio (42) .
The mechanism of iron transport via the Feo system is not understood, and the fundamental issues that remain to be elucidated include the role of the FeoB GTPase domain, the function and topology of the FeoB membrane-spanning region, and the source of energy for active transport. Although all three Feo proteins are required in V. cholerae, the structure of the active transporter is unknown. In this study, we investigated intermolecular interactions among the Feo proteins. We show that FeoB makes higher-order molecular complexes in vivo, including a large complex that contains all three Feo proteins. Further, we provide insight into the mechanism of Feo-mediated iron transport by investigating the roles of the GTPase motifs and of each of the Feo proteins in complex formation.
MATERIALS AND METHODS
Bacterial strain, plasmids, and growth conditions. The bacterial strain and plasmids used in this study are listed in Table 1 . Bacteria were grown at 37°C in Luria-Bertani (LB) medium. Ampicillin was used at 50 g/ml.
Heme was used at 10 M.
Plasmid construction. Plasmid pFeoAB -V5 C carries the entire V. cholerae feo operon, encoding the full-length FeoB protein N-terminally tagged with a V5 tag. For its construction, an NsiI restriction enzyme site (Table 2) , were annealed and inserted into the BamHI and XbaI restriction sites of pFeo122. pFeo122 is pFeo101 modified to have a BamHI site immediately downstream of the final codon of feoC. It was constructed by deleting the BamHI fragment containing the tandem affinity purification (TAP) tag from plasmid pFeoABCtap (27) .
Plasmid pFeoAB -V5 encodes only V. cholerae FeoA and FeoB, where FeoB is N-terminally tagged with a V5 tag. This plasmid was cloned as described above for the pFeoAB -V5 C plasmid, except plasmid pFeo⌬C (27) was used instead of pFeo101. pFeoAB -V5 C-derived plasmids containing feoA or feoB mutations were prepared through site-directed mutagenesis using the QuikChange (Agilent Technologies, Inc.) protocol. The primers used for site-directed mutagenesis are listed in Table 2 .
DNA sequences of all constructs were confirmed through nucleotide sequencing.
In vivo cross-linking. Overnight cultures were diluted 1:100 in 50 ml of LB broth with ampicillin and grown to mid-log phase at 37°C. Cells were pelleted and washed twice with 25 ml of phosphate-buffered saline (PBS). All centrifugations were done at 8,600 ϫ g for 4 min. Cells were then resuspended in 25 ml of 0.6% (vol/vol) formaldehyde-PBS. Cells were incubated at room temperature for 6 min and then centrifuged and resuspended in 10 ml of 1.25 M glycine-PBS. Cells were centrifuged and washed in 25 ml of PBS, and the final cell pellet was frozen at Ϫ80°C until further processing. Subcellular fractionation. Overnight cultures were diluted 1:100 in 50 ml of LB broth with ampicillin and grown to mid-log phase at 37°C. Cells were pelleted at 8,600 ϫ g for 4 min. In some cases, cells were crosslinked as described above. Cell pellets were frozen at Ϫ80°C until further processing. Cell pellets were thawed on ice and resuspended in 5 ml of fractionation lysis buffer (10 mM Na 2 HPO 4 [pH 7], 5 mM MgSO 4 , 1 mM phenylmethylsulfonyl fluoride [PMSF] ). Samples were sonicated to induce cell lysis. Cell debris was removed by centrifuging samples at 12,000 ϫ g for 15 min. Total membrane pellets were separated from the cytoplasmic fractions at 50,000 rpm for 45 min using a TLA-100.3 rotor (Beckman Coulter). Total membrane pellets were washed with 1 ml of 1ϫ TBS (50 mM Tris-HCl [pH 7.4], 150 mM NaCl)-1ϫ SigmaFAST protease inhibitor (Sigma) and centrifuged at 50,000 rpm for 45 min using a TLA-100.3 rotor. Washed total membrane pellets were resuspended in 0.2 ml of 0.5% (wt/vol) Sarkosyl-1ϫ TBS-1ϫ SigmaFAST protease inhibitor. Membranes were incubated at room temperature for 20 min with mild shaking. Inner membrane fractions were separated from outer membrane pellets at 50,000 rpm for 45 min using a TLA-100.3 rotor. Outer membrane pellets were washed with 1 ml of 1% (wt/vol) Sarkosyl-1ϫ TBS-1ϫ SigmaFAST protease inhibitor and centrifuged at 50,000 rpm for 45 min using a TLA-100.3 rotor. Outer membrane pellets were resuspended in 0.2 ml of 1ϫ TBS-1ϫ SigmaFAST protease inhibitor. Subcellular fractionation samples were mixed with 4ϫ SDS-PAGE loading buffer (100 mM Tris [pH 6.8], 2% SDS, 0.1% bromophenol blue, 10% glycerol, 1 mM 2-mercaptoethanol) to achieve a 1ϫ final concentration and stored at Ϫ20°C until further processing.
Immunoprecipitation. Frozen cross-linked cell pellets, prepared as described above, were thawed on ice. The cells were resuspended in 0.75 ml of lysis buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 0.5% Triton X-100, 1% glycerol, 1 mM EDTA, 1 mM PMSF, 1 mg/ml lysozyme) and allowed to rest on ice for 20 min. Samples were briefly sonicated to shear the DNA and then centrifuged at 12,000 ϫ g for 15 min to remove cell debris. Protein concentrations of cell lysates were determined by the use of the DC (detergent-compatible) protein assay (Bio-Rad), using bovine serum albumin (BSA) for determination of the standard curve. Cell lysate containing 1 g of protein was mixed with 40 l of anti-V5-agarose bead slurry (Sigma) that had been previously washed three times with 1ϫ TBS. Cell lysates and beads were mixed overnight in the cold room. Cell lysate (43) with the following modifications. Overnight cultures were diluted 1:100 in 50 ml of LB broth with ampicillin and grown to mid-log phase at 37°C. Cells were pelleted at 8,600 ϫ g for 4 min. The pellet was resuspended in 1.5 ml of 1ϫ TBS-1ϫ SigmaFAST protease inhibitor (Sigma), and the cells were lysed by sonication. Cell debris was removed by centrifuging samples at 12,000 ϫ g for 15 min. Membrane fractions were isolated from soluble cell lysate at 50,000 rpm for 45 min using a TLA-100.3 rotor (Beckman Coulter). Membrane pellets were washed with 1ϫ TBS-1ϫ SigmaFAST protease inhibitor (Sigma). A small aliquot was used to determine the protein concentration using the DC protein assay (Bio-Rad). Membrane fractions were pelleted again at 50,000 rpm for 45 min using a TLA-100.3 rotor. Membrane pellets were resuspended in a mixture containing 20 mM bis-Tris (pH 7), 500 mM aminocaproic acid (pH 7), 20 mM NaCl, and 1 mM EDTA such that the final protein concentration was 10 mg/ml. Triton X-100 (Fisher Scientific) was added to give a final concentration of 2% (vol/vol). Membranes were incubated on ice for 30 min and then centrifuged at 20,000 ϫ g for 20 min. The supernatant was mixed with 100% (vol/vol) glycerol and a 5% (wt/vol) Coomassie blue-G250 solution to give final concentrations of 5% (vol/vol) and 0.2% (vol/vol), respectively. Samples were resolved at 4°C on bis-Tris gels. Gels were run on a standard gel electrophoresis system at 80 V using 50 mM bis-Tris (pH 7) as the anode buffer and a mixture containing 15 mM bis-Tris (pH 7), 50 mM Tricine, and 0.02% Coomassie brilliant blue G250 as the cathode buffer. When the dye front had traveled one-third of the way to the end of the gel, the cathode buffer was changed to a mixture containing 15 mM bis-Tris (pH 7), 50 mM Tricine, and 0.002% Coomassie brilliant blue G250. When the dye front had traveled two-thirds of the way to the end of the gel, cathode buffer was switched to a mixture containing 15 mM bis-Tris (pH 7) and 50 mM Tricine. Gels were stained using Gel Code Blue stain (Pierce). Native protein sizes were estimated using NativeMark unstained protein standard (Life Technologies). Immunoblot analysis was carried out as described below, except resolved proteins were transferred to an Amersham Hybond P polyvinylidene difluoride (PVDF) membrane (GE Healthcare).
Immunoblot analysis. Cross-linked and non-cross-linked whole-cell lysates, cross-linked subcellular fractions, or immunoprecipitation elutions were resolved on Tris-acetate gradient SDS-PAGE gels, and Precision Plus protein dual-color standards (Bio-Rad) or HiMark prestained protein standard (Life Technologies) was used to estimate protein sizes. Non-cross-linked inner membrane fractions were resolved on nongradient SDS-PAGE gels, and Precision Plus protein dual-color standards were used to estimate protein size. After electrophoresis, resolved proteins were transferred to a Hybond ECL nitrocellulose membrane (GE Healthcare) and V5-tagged proteins were visualized using anti-V5 antibodies derived from mouse (Sigma) or rabbit (Santa Cruz) followed by incubation with a horseradish peroxidase (HRP)-conjugated goat anti-mouse or anti-rabbit antibody (Bio-Rad). Signal was detected by development using a Pierce ECL Western blotting substrate kit (Thermo-Fisher Scientific). Analyses were performed at least 3 times, and representative gels are shown. Quantitation of protein bands was performed using GeoQuant.NET software provided by BiochemLab Solutions.
Mass spectrometry analysis. Immunoprecipitation elution samples were resolved on Tris-acetate gradient SDS-PAGE gels. After electrophoresis, gels were stained using Gel Code Blue stain. The desired bands were excised from the gel, and proteins were identified at The University of Texas at Austin Institute for Cellular and Molecular Biology Proteomics Facility via liquid chromatography-tandem mass spectrometry (LC-MS/ MS) using a Dionex Ultimate 3000 RSLCnano LC instrument coupled to a Thermo Orbitrap Elite spectrometer. Scaffold (version Scaffold_4.3.2; Proteome Software Inc.) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability to achieve a false-discovery rate (FDR) of less than 1.0% by the Peptide Prophet algorithm with Scaffold delta mass correction (44) . Protein identifications were accepted if they could be established at greater than 99.9% probability to achieve an FDR of less than 1.0% and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (45) . Proteins that contained similar peptides and that could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins were annotated with gene ontology (GO) terms from gene_association.goa_uniprot (downloaded 25 July 2013) (46) .
RESULTS

V5-tagged FeoB and FeoC retain function.
To facilitate immunoprecipitation studies to determine the interactions among the Feo proteins, a V5 tag was added to the N terminus of FeoB or the C terminus of FeoC. To ensure that the tag did not significantly alter the function of the proteins, we used EPV6, a V. cholerae strain in which the feo, fbp, vib, and vct operons were mutated, rendering the strain unable to grow on LB medium unless the medium was supplemented with heme. EPV6 is able to grow in the absence of heme supplementation only when a functional iron transport system is supplied on a plasmid. EPV6 carrying a plasmid containing the feo operon with a V5 tag on the N terminus of FeoB (pFeoAB -V5 C) or a V5 tag on the C terminus of FeoC (pFeoABC -V5 ) allowed growth at a level similar to that of EPV6 carrying a plasmid with the untagged feoABC operon, pFeo101 (Fig. 2) . Except where indicated otherwise, all structural studies were performed with the plasmids carried in EPV6 grown in the absence of heme, so that structural determinations were made under conditions where Feo must be active. FeoB makes higher-order complexes. To determine whether there are intermolecular interactions among the Feo proteins in V. cholerae, we used in vivo formaldehyde cross-linking of EPV6 carrying pFeoAB -V5 C. Mid-log-phase cells were treated with formaldehyde, and proteins from the whole-cell lysate were resolved by SDS-PAGE and analyzed by immunoblotting using an anti-V5 antibody. Results show that FeoB-V5, with a monomeric molecular mass of 84.6 kDa, is found in several higher-order complexes, indicating that FeoB is involved in intermolecular interactions (Fig. 3A) . Although cross-linking may interfere with determining accurate sizes of protein complexes, comparison to a HiMark prestained protein standard (Life Technologies) suggested that these complexes were approximately 250 kDa, 500 kDa, and larger than 500 kDa. The size of the largest complex could not be determined, since there are no commercial ladders that provide molecular standards with masses greater than 460 kDa under denaturing conditions. To determine the intracellular location of these complexes, we carried out membrane fractionation of the V. cholerae lysate (Fig. 3B) . Immunoblot analysis of the cytoplasm, inner membrane, and outer membrane fractions showed that the FeoB complexes were located in the inner membrane fraction. This is the expected location for FeoB (21) .
Complex formation was corroborated through the use of BN-PAGE, a technique that is commonly used to determine native membrane protein masses and oligomeric states (47) . BN-PAGE results (Fig. 4) showed that FeoB formed two major complexes, one of approximately 250 kDa and another one of more than 720 kDa. Native protein masses were estimated using a NativeMark unstained protein standard (Life Technologies). Overall, the results described above indicate that full-length FeoB forms complexes in vivo.
All three Feo proteins interact to form a complex. To determine the composition of the complexes, we employed immunoprecipitation followed by LC-MS/MS analysis. Cultures of EPV6/ pFeoAB -V5 C were grown to mid-log phase and cross-linked in vivo, and FeoB complexes were immunoprecipitated from the cell lysate using an anti-V5 antibody. Immunoprecipitated proteins were then separated by SDS-PAGE and stained with Gel Code Blue (Fig. 5A) , and the presence and mobility of the V5-tagged proteins were verified by immunoblotting using an anti-V5 antibody (Fig. 5B) . The indicated bands (Fig. 5A) were excised, subjected to in-gel digestion using trypsin, and analyzed by LC-MS/MS (Table 3 ). FeoA and FeoB were detected during analysis of the largest band (marked as complex 1 in Fig. 5A ). FeoC was not detected at the specified confidence level. To determine whether FeoC is present in complex 1, we immunoprecipitated crosslinked V5-tagged FeoC complexes (Fig. 5A ) and verified the presence of FeoC through immunoblotting (Fig. 5C ). The largest band, which comigrated with complex 1 when electrophoresed on the same gel, was named complex 1° (Fig. 5A ) to differentiate it from complex 1 immunoprecipitated with V5-tagged FeoB. Complexes 1 and 1°are likely the same, but this cannot be unequivocally stated at this time. Analysis of complex 1°showed the presence of FeoA and FeoB, demonstrating that FeoC is in a complex with both FeoA and FeoB. FeoC was not detected by LC-MS/MS at the specified confidence level, even though FeoC was the V5-tagged component of the immunoprecipitated complex. Lack of detection of FeoC by LC-MS/MS may have been due to the presence of a low concentration of FeoC in the complex. Overall, these results indicate that FeoA, FeoB, and FeoC interact to form one complex. To our knowledge, this is the first demonstration that all three Feo proteins can form a single complex.
Only FeoB was detected in two of the smaller complexes that were immunoprecipitated using cross-linked V5-tagged FeoB (marked as complexes 2 and 3 in Fig. 5A ). Neither FeoA nor FeoC was detected in either of these complexes, and no complexes of similar size were observed in the V5-tagged FeoC immunoprecipitation eluate (Fig. 5A ). Complex 4 (Fig. 5A) , located near the FeoB 
FIG 4 V. cholerae FeoB makes higher-order native complexes as shown by
BN-PAGE analysis. EPV6/pFeoAB -V5 C total membrane fraction proteins were separated on a bis-Tris native gel and immunoblotted using an anti-V5 antibody.
monomer, contained FeoB, FeoA, and FeoC (Table 3) . A similarly sized cross-linked complex (marked as complex 5 in Fig. 5A ) was immunoprecipitated using V5-tagged FeoC, and it contained detectable FeoB and FeoC but not FeoA. Since FeoA and FeoC are both approximately 8 kDa, it is possible that the band marked as complex 4 actually represents two separate cross-linked complexes consisting of FeoB cross-linked to either FeoA or FeoC that are migrating to the same position on the gel. This hypothesis is supported by the fact that V5-tagged FeoC complex 5 immunoprecipitated only FeoB and not FeoA, suggesting that the FeoB monomer may interact with either FeoA or FeoC but not with both at the same time. Complexes 2, 3, 4, and 5 may represent intermediates in the assembly of the larger complex 1 or breakdown/disassembly products. Alternatively, the components of complex 1 may not be fully cross-linked by this procedure, and cross-links may form more easily within the trimers than between trimers. This would result in the appearance of the intermediatesized complexes upon electrophoresis.
Attempts to perform immunoprecipitation using either an Nterminally or C-terminally V5-tagged FeoA were unsuccessful. The tags on FeoA did not affect the function of the Feo system, but we were unable to detect a level of FeoA protein sufficient for protein analysis (data not shown).
Residues in the FeoB GTPase domain are required for complex formation and iron transport. In order to determine whether or not the GTPase domain plays a role in FeoB complex formation, we constructed mutations in each of the four conserved sequence elements, G1 to G4, and in the regulatory switch I and switch II regions of FeoB (Fig. 1B) . A FeoB G1 element mutation, K15D, was introduced into pFeoAB -V5 C. The equivalent lysine residue in p21-Ras contacts the ␤-and ␥-phosphates of GTP (48) (49) (50) . The K15D mutation in FeoB abolished the function of the Feo system, as EPV6 carrying this FeoB mutant on a plasmid was unable to grow without heme supplementation (Table 4) . Cross-linking analysis of the K15D mutant showed no complex formation; FeoB remained in the monomeric form (Fig. 6B) . Since the equivalent K15 FeoB residue in p21-Ras is known to contact GTP, it is possible that bound nucleotide is required for complex formation to occur. Densitometry analysis of the immunoblot revealed that the level of the K15D FeoB mutant protein was approximately 40% of the wild-type (WT) level (Fig. 6A) , indicating that this FeoB mutant may be less stable or less efficiently localized in the inner membrane than the wild type. However, the amount of FeoB detected in the cross-linked sample (Fig.  6B) should have been sufficient for detection of complexes, if they were formed.
To look at the roles of the switch I region and the G2 and G3 elements, the T36 and D55 residues were mutated. T36 is equivalent to a critical p21-Ras threonine residue located in the G2 element and switch I region and coordinates the Mg 2ϩ ion that is needed for GTP hydrolysis (36) . D55, located in the G3 element, plays a role in coordination of the catalytic Mg 2ϩ ion through a water molecule, as shown in crystal structures of p21-Ras and Methanococcus jannaschii FeoB (50, 51) . Both the T36K and D55K mutations in pFeoAB -V5 C resulted in loss of Feo function when the plasmids were transformed into EPV6 (Table 4) . However, loss of these residues did not affect complex formation, membrane localization, or protein stability ( Fig. 5A and C) . Since it is expected that T36 interacts directly and D55 interacts indirectly with the catalytic Mg 2ϩ ion, we also determined the effect on complex formation when both residues were mutated. The plasmid encoding the FeoB T36K and D55K double mutant was transformed into EPV6, and, as expected, no Feo function was observed (Table 4) ; however, inner membrane localization of FeoB (Fig.  6A ) and complex formation (Fig. 6C) were similar to those seen with the wild type. These data suggest that GTP hydrolysis is required for ferrous iron transport but not for complex formation.
The results of mutation of the predicted G4 element were unexpected. Alignment of V. cholerae FeoB with p21-Ras suggests that the G4 motif, which provides guanine base specificity (35) , is positioned at amino acids 119 to 122 (Fig. 1B) . However, the versions of FeoB with mutations at two conserved positions, N119K and D122N, were both fully active, as plasmids carrying these mutations allowed wild-type growth of EPV6 without heme (Table 4). Cross-linking analysis was not performed for either of these mutants, because Feo system function was not affected. A second possible G4 motif at positions 90 to 93 was identified, but mutation of the conserved Asp residue (D93K) did not alter the activity of the transporter. These data suggest that a noncanonical G4 region that has not yet been identified fulfills this role in V. cholerae FeoB.
An additional mutation was made to test the role of the switch II region of FeoB. The switch II region of GTPases undergoes a conformational change upon GTP binding, and in Legionella pneumophila, mutations in this region of FeoB cause a decrease in FeoB nucleotide binding (35, 50) . The V. cholerae FeoB D72A mutation was unable to promote growth of EPV6 without heme, indicating that the D72A mutation resulted in loss of function. Cellular fractionation analysis showed that FeoB D72A was located in the inner membrane and was stable, since the protein levels were comparable to those of unmutated FeoB (Fig. 6A) . Cross-linking analysis showed that FeoB D72A remained in the monomeric form and was not able to form complexes (Fig. 6B) . These data suggest that the switch II region, and possibly nucleotide binding, is required for Feo complex formation.
FeoC is required for WT FeoB protein levels, while FeoA is involved in complex formation. In addition to FeoB, FeoA and FeoC are both found in the large Feo complex; thus, we wanted to determine whether they are required for complex formation. To determine the possible role of FeoC, we transformed EPV6 with a plasmid containing feoA and N-terminal V5-tagged feoB. This plasmid did not support growth of EPV6 in the absence of heme (Table 4) , consistent with our previous finding that FeoC is required for the activity of V. cholerae Feo (27) . Membrane fractionation demonstrated that FeoB was still located in the inner membrane in the absence of FeoC (Fig. 7A) ; however, the level of FeoB protein was somewhat decreased. Densitometry indicated that the amount of FeoB in the absence of FeoC was approximately 75% of the amount of FeoB expressed when the feo operon was intact (Fig.  7A, top) . Coomassie blue staining confirmed that the total amounts of protein in the samples were similar (Fig. 7A, bottom) . Although the amount of FeoB was reduced, the amount present was sufficient to observe FeoB in cross-linked complexes similar to those observed with the intact feo operon (Fig. 7B) . Thus, FeoC is not required for complex formation.
In initial attempts to determine the role of FeoA in complex -V5 C with FeoB carrying no mutation or the T36K, D55K, or T36K/ D55K mutations. The T36K mutation is in the GTPase switch I and G2 region, while the D55K mutation is in the GTPase G3 region. All immunoblot analyses were performed using an anti-V5 antibody. An asterisk denotes monomeric FeoB. formation, we employed a plasmid containing the feo operon with an in-frame deletion of feoA. When this plasmid was transformed into EPV6, the amount of FeoB was reduced to nearly undetectable levels, such that we were unable to ascertain whether complexes were formed (data not shown). When feoA was supplied on a separate plasmid, activity was restored but the amount of FeoB protein did not increase, indicating that the decrease in FeoB levels was due to a polar effect of the deletion, rather than to the absence of the FeoA protein (data not shown). Since we were not able to delete the feoA gene without severely affecting the level of FeoB, we created feoA point mutations that abolished Feo activity. FeoA residues conserved across several bacterial species were mutated within the context of the pFeoAB -V5 C plasmid, and EPV6 carrying the plasmids was tested for the ability to grow without heme supplementation. Four FeoA amino acid substitutions that eliminated Feo function were identified: G32K, A45D, P50R, and V72K. Membrane fractionation showed that FeoB was expressed from each of these mutant plasmids and that it localized to the inner membrane, albeit at reduced levels for the G32K (61% of wild type) and V72K (64% of wild type) mutants (Fig. 8A) . However, FeoB expressed from plasmids containing the FeoA mutations failed to form complexes and remained in monomeric form (Fig. 8B) , indicating that FeoA is required for complex formation.
DISCUSSION
The V. cholerae Feo system is made up of three proteins, FeoA, FeoB, and FeoC, and all three Feo proteins are required for its function (27) . Prior to our study, several lines of evidence suggested that the Feo proteins may interact to form a functional Feo structure. Interactions among FeoB monomers have been suggested by crystallography studies (51) (52) (53) (54) . An interaction between FeoC and FeoB was observed in a BACTH assay for both the V. cholerae (27) and S. enterica (41) proteins. Similarly, K. pneumoniae FeoB and FeoC were found to cocrystallize (42) . Further, in S. enterica, FeoA was shown to interact with FeoB in a BACTH assay (29) .
Crystallography studies of the large membrane protein, FeoB, have provided important insights into its structure; however, these structural studies have been limited to the N-terminal domain of FeoB (N-FeoB), since it is readily soluble and has measurable enzymatic (GTPase) activity. Further, significant limitations to studying Feo structure by crystallography have been observed, since a consensus on the oligomeric state of FeoB has never been reached. For example, FeoB N-terminal domains from several organisms have crystallized as monomers (35, 53, (55) (56) (57) whereas the FeoB N-terminal domains from other organisms have crystallized as dimers or trimers (51) (52) (53) (54) . Since those studies used a truncated FeoB protein, interactions involving the membrane-spanning regions or C terminus of FeoB were not detected. Further, crystallization of FeoB in the presence of both FeoA and FeoC has not been reported, in spite of evidence indicating that both FeoA and FeoC are required for Feo activity and that each can interact with FeoB (27, 29) .
In our study, we undertook in vivo structural analysis using the more functionally relevant full-length FeoB protein. In vivo crosslinking showed that FeoB forms several large complexes that are approximately 250 kDa (complex 3), 500 kDa (complex 2), and larger than 500 kDa (complex 1). This observation was validated by BN-PAGE analysis, which showed that FeoB was able to form two large native complexes, 250 kDa and around 720 kDa or larger, which are consistent with the sizes of complex 3 and 1 seen through in vivo cross-linking. Complex 2, the 500-kDa crosslinked complex, was not detected through BN-PAGE, suggesting that this complex may be a FeoB transition state of the larger complex, complex 1. Overall, these observations demonstrate, for the first time, that full-length FeoB is found in complexes in vivo.
Although FeoA and FeoC were both determined to be in the large complex (complex 1°), neither of these proteins was found in complex 2 or 3. Since both FeoA and FeoC are required for Feo system function, the large complex may be the active form of the Feo system. The smaller complexes may represent intermediates in the assembly or may reflect incomplete cross-linking of proteins within the large complex. In E. coli, N-FeoB was found to crystallize as a trimer, and it was proposed that this trimer forms an intracellular pore for ferrous iron transport (52) . Consistent with that study, complex 3, made up of FeoB, was observed to have an approximate size of 250 kDa; this complex may represent a trimer of full-length FeoB proteins, since the tagged monomeric FeoB protein has a size of 84.6 kDa. Taking into consideration the sizes of the other two FeoB complexes, complex 1 and 2, it is possible that 500-kDa complex 2 is a dimer of FeoB trimers and that 720-kDa complex 1 is a trimer of trimers. FeoB may form trimers in the absence of the other Feo proteins and assemble with FeoA and FeoC to form the large complex, complex 1°, that is likely the functional complex. While we were not able to determine the exact stoichiometry of this complex, we propose that this complex is a trimer of FeoB trimers that interacts with one or more molecules of FeoA and FeoC to transport ferrous iron into V. cholerae (Fig. 9) .
To gain more insight into the assembly of the functional complex, we sought to determine the role of FeoC in complex formation. Deletion of feoC did not affect FeoB complex formation, although the quantity of FeoB, and therefore the amount of the complexes, was decreased. This suggests that FeoC may be needed to protect FeoB from proteolysis in V. cholerae such as was found in S. enterica (41) . Nonetheless, we believe that this may not be the only function of FeoC in V. cholerae, since the activity of the Feo system was completely eliminated by deletion of the feoC gene. If FeoC were required only for protecting FeoB from proteolysis, it follows that at least some Feo system activity should be retained, since there was still a significant level of FeoB protein, as well as FeoB complexes, in the absence of FeoC. FeoC proteins are poorly conserved, and it would not be surprising to find that they have different functions in different organisms. For example, S. enterica FeoC, as well as FeoC proteins from other species, features a conserved cysteine motif that is involved in iron-sulfur (Fe-S) cluster formation and that may be used as an oxygen sensor (26, 58, 59) . V. cholerae FeoC, on the other hand, does not contain any cysteine residues and therefore would not be able to bind an iron-sulfur cluster, indicating that it may function in a different manner.
The role of FeoA is not well defined, even though it is present in the majority of organisms that contain a Feo system (31) . We investigated the role of FeoA in FeoB complex formation by mutational analysis. Mutation of several conserved FeoA residues that resulted in loss of Feo system function also resulted in loss of FeoB complexes, indicating that FeoA is required for complex formation and is an integral part of the Feo transport system. Genetic analysis showed that mutations within certain regions of the N-terminal GTPase domain of FeoB resulted in loss of complex formation. FeoB was unable to form complexes when residues in the G1 and switch II regions, known to be closely associated with nucleotide binding, were mutated. These results suggest that nucleotide binding may be essential for formation or maintenance of the Feo complex. Further, these findings are consistent with the observation that a residue in the switch II region of p21-Ras is important for p21-Ras complex formation (60) . We observed that mutations in conserved residues in the G2 and G3 elements of FeoB, which are predicted to be involved in the coordination of the catalytic Mg 2ϩ ion and were shown to be required for FeoB GTP hydrolysis in Streptococcus thermophilus (49), did not alter complex formation. This suggests that although nucleotide binding may be required for FeoB complex formation, GTP hydrolysis is not. However, GTP hydrolysis is required for transport of iron into the cell, since mutations in the G2 and G3 elements abolished Feo function in V. cholerae.
Our results are consistent with FeoA, FeoB, and FeoC forming a large complex in the inner membrane of V. cholerae. Mutational analysis showed a correlation between function and complex formation. The large complex, complex 1/1°, was always present when Feo activity was detected. Mutants that failed to form this complex were inactive. However, complex formation was not sufficient for activity, since some mutants that lacked Feo function were still able to form complexes that appeared to be the same size as wild-type complexes. How FeoA and the GTPase region of FeoB participate in complex formation and the mechanism of ferrous iron transport through the complex remain to be determined.
